Soil ice content is an important component for winter soil hydrology. The sensible heat balance (SHB) method using measurements from heat pulse probes (HPPs) is a possible way to determine transient soil ice content. In a previous study, in situ soil ice content estimates with the SHB method were inaccurate, due to thermal conductivity errors and the use of relatively long time steps for calculations.
Soil ice content is an important component for winter soil hydrology. The sensible heat balance (SHB) method using measurements from heat pulse probes (HPPs) is a possible way to determine transient soil ice content. In a previous study, in situ soil ice content estimates with the SHB method were inaccurate, due to thermal conductivity errors and the use of relatively long time steps for calculations. The objective of this study is to reexamine the SHB method for soil ice content determination. A soil freezing and thawing laboratory experiment was performed with soil columns and heat exchangers. Transient soil ice contents in the soil columns during soil freezing and thawing were determined with the SHB method. The SHB method was able to determine dynamic changes in soil ice contents during initial freezing and final thawing for soil temperatures between −5 and 0°C when latent heat values associated with ice formation or with thawing were relatively large. During an extended freezing period, when soil temperatures were below −5°C, the small associated latent heat fluxes were below the sensitivity of the SHB method, and the SHB method did not provide accurate estimates of ice contents with time. However, the soil ice contents during the extended freezing period could be estimated well from changes in volumetric heat capacity (C) determined with HPP. Thus, combining the SHB method for initial freezing and final thawing, with a change in C method for extended freezing periods, allowed determination of dynamic soil ice contents for the entire range of freezing and thawing soil temperatures investigated. HPPs were able to measure soil ice contents. Abbreviations: HPP, heat pulse probe; SHB, sensible heat balance; TDR, time domain reflectometry.
Soil ice content is an important component of the vadose zone winter hydrological cycle. Water permeability of partially frozen soils is controlled in part by the amount of ice filling the pores (Andersland et al., 1996) , and infiltration rate is significantly reduced when soil ice content is high (McCauley et al., 2002; Watanabe et al., 2013) . The amount of soil ice influences soil thermal conductivity; that is, partially frozen soils with large ice contents have relatively large thermal conductivity (Penner et al., 1975) . Frost penetration depth and rate of freezing front advance are impacted by increasing ice content in part related to increasing thermal conductivity (Rahnama Yami et al., 2012) . Ice content in soils is not constant during freezing periods. The possibility of liquid water flow from unfrozen layers may cause accumulation of ice around the freezing front (Dirksen and Miller, 1966; Gieselman et al., 2008) . Thermally driven liquid water flow in partially frozen soil changes soil ice content (Hoekstra, 1966) . Surface sublimation and rainfall and snowmelt water that infiltrates and refreezes in the subsurface can also influence soil ice content (Hagedorn et al., 2007; Stähli et al., 1999) .
Despite its importance, field soil ice content dynamics are difficult to measure. A commonly used method to determine in situ soil ice content is the combination of time domain reflectometry (TDR) and neutron moderation (Hayhoe and Bailey, 1985; Stähli et al., 1999; Kahimba and Sri Ranjan, 2007; Yi et al., 2014) . Dielectric permittivity measured with TDR enables an estimate of liquid water content in partially frozen soils with a minor overestimation due to the presence of ice (e.g., Smith and Tice, 1988 1995; Watanabe and Wake, 2009; He and Dyck, 2013) . Because the neutron moderation method can determine total water content (liquid water plus ice) of partially frozen soils, soil ice content can be determined by subtracting liquid water content determined with TDR from the total water content determined with neutron moderation. The weakness of this combination of TDR and neutron moderation is that each sensor has different effective sampling volume, and the sensors require different sampling locations to avoid interfering with one another. There are several studies reporting on attempts to determine ice content of partially frozen soil based on soil volumetric heat capacity measurements with HPPs (Watanabe et al., 2010; Liu and Si, 2011; Zhang et al., 2011; Tian et al., 2015) . Although the method does not have sampling size and location issues, it does not seem to work well at temperatures near the melting point because a heat application by the HPP can melt soil ice, making it difficult to analyze the measurements for soil thermal properties. He et al. (2015) quantified the amount of ice melt associated with HPP use in partially frozen soil and found that at most 0.03 m 3 m −3 ice melted due to the associated heating. Zhang et al. (2011) reported that the method works well with sand at temperatures below −4°C, and Tian et al. (2015) reported that the method can perform at temperatures below −5°C with sandy loam, silt loam, and silty clay loam with carefully selected heat applications. Therefore, a need exists for a new method capable of determining in situ ice contents at temperatures between −5 and 0°C, at which small changes in temperature can cause large changes in soil ice contents. Kojima et al. (2013) suggested the SHB method as a possible way to determine transient soil ice contents. The SHB method relies on a sequence of HPPs positioned with depth to determine soil ice contents with depth. The SHB method was originally proposed by Gardner and Hanks (1966) and developed by Heitman et al. (2008a, b) to quantify subsurface evaporation. Because the SHB method can estimate latent heat flux in soil, evaporation rates can be determined when soil temperature is larger than 0°C. The applicability of the SHB method for evaporation has been evaluated by a model study (Sakai et al., 2011) , laboratory studies (Deol et al., 2012; Trautz et al., 2013) , and field studies (Xiao et al., 2011 (Xiao et al., , 2014 Xiao et al., 2012; Deol et al., 2014) . The latent heat fluxes in soils are mainly related to soil freezing and thawing when soil temperature is below 0°C. If the SHB method can be accurately deployed in partially frozen soil, it has the potential for measuring changes in soil ice content. Kojima et al. (2013) performed a model study and reported that, conceptually, the SHB method can determine soil ice contents. However, when Kojima et al. (2014) used the SHB method in a winter field study, the estimated soil ice contents were sometimes unrealistically large or even negative. A sensitivity analysis by Kojima et al. (2014) showed that accurate soil thermal conductivity and small time steps for the SHB calculations were important to accurately determine soil ice content. Thus, the main reasons for obtaining inaccurate estimates of ice content were inaccurate measurements of thermal conductivity and the use of relatively large time steps for the SHB method. The objective of this study is to reexamine the ability of the SHB method to determine soil ice contents.
Theory

Determining Thermal Properties in Partially Frozen Soils
The HPP is used to determine volumetric heat capacity C (J m −3 °C −1 ), soil thermal diffusivity a (m 2 s −1 ), and soil thermal conductivity l (W m −1 °C −1 ) by analyzing temperature changes at a temperature sensing needle, responding to a heat pulse applied from a parallel heater needle (Bristow et al., 1994) . Temperature changes at the sensing needle can be modeled as (de Vries, 1952; Kluitenberg et al., 1995) ( )
where DT is change in sensing needle temperature (°C) at elapsed time t (s) and radial distance r (m) from the heater needle, q is heating rate applied at the heater needle (W m −1 ), t 0 is heating duration (s), and Ei is the exponential integral. Soil thermal properties C and a can be determined by fitting Eq.
[1] to the observed temperature changes at the sensing needle, and l is determined as the product of C and a. When a HPP is used in partially frozen soil, especially at temperatures between −5 and 0°C, the heat input induces melting of soil ice and refreezing, that is, a latent heat source and sink. Because Eq.
[1] only accounts for soil heat conduction C, l of partially frozen soils are overestimated, and a of partially frozen soils is underestimated when there is a large latent heat component. Putkonen (2003) recommended that Eq.
[1] be used to determine C and a in partially frozen soils at temperatures less than −10°C. Zhang et al. (2011) and Tian et al. (2015) reported that Eq.
[1] could be used to determine C accurately at temperatures less than −5°C, depending on the applied heat quantity and soil type. Even though C and a are over-or underestimated in a temperature range between −5 and 0°C, some studies have showed that Eq.
[1] can be used effectively at soil temperatures less than about −2°C for determination of l (Ochsner and Baker, 2008; Watanabe et al., 2010) . The overestimation of C and the underestimation of a tend to cancel each other when l is calculated as their product. Because the temperature range for which l is overestimated is relatively small (between −2 and 0°C), thermal conductivity within this temperature range can be estimated by interpolating between measured l at a temperature below −2°C and at a temperature above 0°C. In the case of C, an equation based on volume ratio and volumetric heat capacity of soil constituents (de Vries, 1963) can be used to estimate C accurately when the volume ratios of soil components are known:
where r b is bulk density (kg m −3 ), c s is specific heat of soil solids (J kg −1 °C −1 ), q L and q I are volume fractions of liquid water and of ice (m 3 m −3 ), and C L and C I are volumetric heat capacities of liquid water and of ice (J m −3 °C −1 ), respectively. The values for C L and C I are 4.214 MJ m −3 °C −1 and 1.865 MJ m −3 °C −1 , respectively (Farouki, 1986) .
Change in Volumetric Heat Capacity Method
Equation [2] can be rearranged as follows:
At soil temperatures less than −5°C, the C determined with HPP can be used in Eq.
[3] to estimate soil ice content. Thus, q I at temperatures less than −5°C can be determined with Eq.
[3] (hereafter referred to as the "change in C method") by knowing r b and q L (Zhang et al., 2011; Tian et al., 2015) . The values for q L of partially frozen soils can be measured by TDR or estimated from soil temperature. To estimate q L from soil temperature, the matric potential of a partially frozen soil y (m H 2 O) is first estimated from T (°C) with the Clausius Clapeyron equation (Kurylyk and Watanabe, 2013) :
where L f is latent heat for water freezing (3.34 × 10 5 J kg −1 ), and g is gravitational acceleration (9.81 m s −2 ). Equation [4] assumes the same shape and arrangement between ice and air, constant ice pressure during freezing, and thermally equilibrated ice formation. The relationship between y and q L of partially frozen soils (freezing characteristic curve) has been reported to be similar to the water retention curve of unfrozen soils (e.g., Koopmans and Miller, 1966) . Thus, after estimating y with Eq.
[4], q L of a partially frozen soil can be estimated from the water retention curve.
Sensible Heat Balance Method
For the SHB of a soil layer, sensible (conductive) heat fluxes H (W m −2 ) and change in sensible heat storage DS/Dt (W m −2 ) can be determined with HPPs ( Fig. 1 ) (Heitman et al., 2008a,b) .
Conductive heat fluxes at upper boundary (H u ) and lower boundary (H l ) are described by Fourier's law:
where z i is the depth at the ith location (m), T is soil temperature (°C), and subscripts u and l represent upper and lower boundaries. A change in sensible heat storage DS/Dt is written as
where DT i /Dt is change in temperature of the ith soil layer (°C s −1 ), and Dz is thickness of the soil layer (m). Water phase changes may involve relatively large amounts of latent heat. A SHB of a soil layer reveals the amount of latent heat for evaporation/condensation or for freezing and thawing:
where L v is latent heat for water vaporization (J kg −1 ), r L and r I are density of liquid water and ice (kg m −3 ), E i is evaporation rate from the soil layer (m s −1 ), Dq I,i /Dt is change in soil ice content (m s −1 ). When soil temperature is larger than 0°C, the latent heat term (the right side of Eq. [7]) is associated with soil water evaporation or condensation, and, thus, E i can be determined by dividing the latent heat term by L v . When soil temperature is lower than 0°C, the latent heat term is primarily associated with soil freezing and thawing and, thus, Dq I,i /Dt can be determined by dividing the latent heat term by −L f r I and Dz.
Several assumptions are necessary to apply the SHB equation (Eq.
[7]) to a soil layer. One assumption is that the temperature and heat capacity are linear functions of depth within the soil layers (i.e., Eq. [6] ). This simplifying assumption is practical for the HPP needle spacing, which is uniform with depth, and consequences are minor because DS/Dt is small compared to the divergence in heat flux (H u − H l ) (Kojima et al., 2014) . Also, we need to assume that convective heat transfer is negligible; that is, Eq. [7] does not include heat transfer due to liquid water flow in soils. In a bare soil during nonprecipitation periods, heat transfer due to liquid water flow was found to be negligible for soil water evaporation (Sakai et al., 2011) and for soil freezing and thawing (Kojima et al., 2013) . Another assumption is that evaporation and condensation are negligible when the soil temperature is lower than 0°C. Kojima et al. (2013) reported that, for several tested water content-texture combinations, the evaporation and condensation during soil freezing and thawing events were significant only near the soil surface (in the 0-12 mm soil layer), and evaporation and condensation were negligible at depths below 12 mm. For partially frozen soils, we also needed to assume that the soil was rigid and did not deform by the expansion of water volume during freezing. This assumption is most valid for unsaturated soil conditions. Some previous studies used the SHB method to determine soil water evaporation rates for 6-mm-thick soil layers, which matches the HPP needle spacing (e.g., Heitman et al., 2008a ,b, Xiao et al., 2011 . It is possible to apply the SHB method to soil layers thicker than the HPP needle spacing as long as T, l, and C determined with HPPs are available for Eq.
[5] and [6] . For example, Kojima et al. (2014) used 12-mm-thick soil layers, which was double the HPP needle spacing. Kojima et al. (2014) discussed the sensitivity of q I determined with the SHB method to l, C, and T measured with the HPP. They found that measurement errors in l and T should be less than ±20% and ±0.05°C, respectively, but the error in C could vary by ± 50% to successfully determine q I with the SHB method. Their results indicated that the DS/Dt was much smaller than H u and H l in Eq. [7] , so that the error in q I was mostly associated with the error in the conductive heat flux H u and H l . Figure 2a depicts the instrumented soil columns used in this study. Hanlon sand (coarse-loamy, mixed, superactive, mesic Cumulic Hapludolls) and Ida silt loam (fine-silty, mixed, superactive, calcareous, mesic Typic Udorthents) were packed into 0.3-m-long PVC columns (0.09-m i.d.) with 0.13 and 0.28 m 3 m −3 water contents and 1600 and 1200 kg m −3 bulk densities, respectively. The soils were packed by controlling the mass of soil for each 1-cm soil layer to keep constant water content and bulk density. The moist water contents were ideal for enabling soil packing without noticeable deformation due to soil plasticity. These soils were also used by Heitman et al. (2007) to study heat and water transfer in unfrozen conditions. The mineral fraction of Hanlon sand contains 92% sand, 7% silt, 1% clay, and Hanlon sand has 0.6% organic matter. The mineral fraction of Ida silt loam contains 2% sand, 73% silt, and 25% clay, and Ida silt loam has 4.4% organic matter. The water retention curves of the soils were measured with pressure cells (Dane and Hopmans, 2002a) , pressure plate extractors (Dane and Hopmans, 2002b) , and a WP4 DewPoint Potentiameter (Decagon Devices, Inc.). The water retention curves of the soils are reported in Heitman et al. (2007) and are also shown in Fig. 3 . In Fig. 3 , soil temperature corresponding to each matric potential was calculated with Eq. [4].
Materials and Methods
Experimental Design and Data Acquisition
Sixteen HPP were inserted through the side wall of Hanlon sand and Ida silt loam soil columns (Fig. 2b) . Each HPP had three 40-mm-long needles spaced 6 mm apart, and each needle had an embedded thermistor temperature sensor (2K7MCD1, Measurement Specialties). The center needle also had an embedded heater wire. The needles of each probe were positioned at a different depth. Center needles (heater needles) of each probe were located at depths of 12, 24, 36, 48, 60, 72, 84, 96, 108, 120, 132, 144, 156, 168, 180, and 192 mm. Thermistor temperature sensors were chosen to be embedded into HPP because this particular type of thermistor had a better resolution of temperature measurement than thermocouples, which was favorable for HPP function. Because thermistor drift could cause degradation of accuracy of the temperature measurements (Ochsner and Baker, 2008) , type E thermocouples were also inserted in the sand and silt loam columns to measure temperature gradients required for Eq.
[5]. Thermocouples were located at 12-mm intervals between depths of 6 and 294 mm. Thermocouples were also inserted in the soil columns at depths of 0 and 300 mm. The 0.09-m-diameter PVC columns were placed inside of 0.20-m-diameter PVC columns, hereafter referred to as inner column and outer column. The space between the inner and outer columns was filled with soil to act as insulation to help maintain one-dimensional heat flow in the inner column (Zhou et al., 2006 ). An additional Hanlon sand column and Ida silt loam column were prepared with thermocouples distributed with depth but without installation of HPP. These two additional soil columns were used for destructive sampling to determine total soil water content with depth after the soil column freezing event. Therefore, a total of four soil columns were used in this study. Fiberglass insulation was placed around the outside of all four columns, and upper and lower surfaces of the soil columns were attached to copper plates acting as heat exchangers. The heat exchangers were the same as those reported by Zhou et al. (2006) , which were connected to temperature controlled water baths (Programmable Digital Circulator, Model 9512, PolyScience) to control soil columns boundary temperatures. A water and ethylene glycol (1:1 in volume basis) mixture was used in the water baths to allow the water bath temperature to drop below 0°C without freezing. The upper boundary heat exchangers for the four soil columns were connected in series to one water bath, and the four lower boundary heat exchangers were connected in series to another water bath. Water bath temperatures as a function of time are shown in Fig. 4 . The water bath temperature for the upper boundary was initially 5°C, and then it was decreased to −15°C gradually within 24 h to cause soil freezing. After 6 d of −15°C, the temperature was increased to 5°C within 24 h to cause soil thawing. The water bath temperature for the lower boundary was maintained at 5°C throughout the study period. The experiment was performed in a constant temperature room at 5°C. The two additional soil columns without HPP were removed from the water bath temperature control system on Day 6 before initiating the thawing event, and the total water content distributions in the additional soil columns were measured gravimetrically. As soon as the additional soil columns were removed from the system, they were sectioned into 1-cm layers, and the total water content of each 1-cm layer was determined by oven drying.
Dataloggers CR3000 and CR23X and multiplexers AM416 and AM16/32 (Campbell Scientific) were used to record data. Thermocouple measurements were made every 0.25 h. Heat pulse measurements were made every 3 h. Heat inputs of 13 W m −1 were applied for 30 s to the HPPs, and temperature changes due to the heat inputs were recorded for 180 s. Previous studies for evaporation (e.g., Xiao et al., 2011 ) used a 4-h interval for heat pulse measurements. Thermal properties change more dynamically during soil freezing and thawing than during soil evaporation and condensation. However, frequent heating must be avoided due to concerns with ice melting. Thus, 3-h measurement intervals were chosen as a practical compromise, improving temporal resolution compared to (Xiao et al., 2011) but limiting HPP heat input. For unfrozen soils, an 8-s heat pulse duration has been used (e.g., Xiao et al., 2011) . Liu and Si (2011) and Tian et al. (2015) recommend 60-s or longer heating duration to accurately determine volumetric heat capacity in partially frozen soils. However, 60 s may be too long to accurately determine thermal conductivity. Thus, a 30-s heating was chosen for this study. Heating intensity was adjusted to provide clear temperature peaks with 30-s heating duration in partially frozen soil; this was determined from preliminary tests.
Data Analysis
Equation [1] was fitted to heat pulse temperature data to determine C and a from which l was derived. To use the SHB method, l values at temperatures between −2°C and 0°C were estimated by linear interpolation of the measured l values at temperatures just below −2°C and just above 0°C. Because HPP estimates C poorly at temperatures between −5 and 0°C, C was estimated with Eq.
[2] for the SHB calculations. To estimate C with Eq. [2], q L and q I must be known. The q L values were determined from water retention curves after first placing measured T values into Eq.
[4] to estimate y. The q I values for Eq. [2] were determined with Fig. 3 . Water retention curves of the two soils (Heitman et al., 2007) . Soil temperature corresponding to each matric potential was calculated with Eq. [4]. the SHB method. ) used an explicit calculation; that is, q I at a time step j was calculated based on T, C, and l at time step j − 1. C at time step j was calculated with the q I at a time step j to calculate q I at time step j + 1. Thus, T measured with the thermocouples, l determined with the HPP, and C estimated with Eq.
[2] were used as inputs to the SHB theory ) with a 0.25-h time step to determine changes in q I . In between HPP measurements, l, C, and q L were estimated by linear interpolation to enable a 0.25-h time step. When soil temperature was below −5°C, that is, when C was not overestimated, q I was estimated with the change in C method. For the change in C method, measured values for r b were used, and the values for q L were determined with the water retention curve and Eq. [4].
For the two additional columns used for sampling total water content distribution, the values for q L were also determined with the water retention curve and Eq.
[4] associated with T at the time of sampling. In addition, the values for q I were determined by subtracting estimated q L from measured q T and multiplying the difference by r L /r I , to account for the volume change of water due to freezing.
Results and Discussion
Temperature and Water Distribution
Transient soil temperatures at selected depths (0, 1.8, 4.2, 6.6, 9.0, 12.6, and 17.4 cm) are presented in Fig. 5 . Minimum surface temperatures were −11.8 and −13.4°C, respectively, for the silt loam and the sand with HPPs, and −12.2 and −12.2°C, respectively, for the silt loam and the sand without HPPs. Minimum surface temperatures differed slightly because the liquid from the water bath first reached the heat exchangers for the sand column with HPPs, then reached the sand column without HPPs, and then reached silt loam columns without HPPs, before reaching the silt loam columns with HPPs. All of the columns froze to a similar depth, between 14 and 15 cm.
Distributions of q T and q L in the additional silt loam and sand columns measured on Day 6 are shown in Fig. 6 . The q L were estimated with Eq. [4] and the soil water retention curves. Water accumulated at the freezing fronts in both the silt loam and the sand columns. A minor increase in water content at the soil surface (0.296 m 3 m −3 ) was observed in the silt loam, while sand showed a small decrease of total water content at the surface (0.112 m 3 m −3 ). The ice content of partially frozen soil layers q I was determined by subtracting estimated q L from measured total water content q T and multiplying it by r L /r I ; that is, the difference between the two lines in Fig. 6 corresponds to the q I values. The q I within the 0-to 10-cm soil layer ranged from 0.17 to 0.22 m 3 m −3 and 0.10 to 0.13 m 3 m −3 for silt loam and sand, respectively.
Thermal Properties
The HPP silt loam thermal conductivity curve presented in Fig.  7 shows two spikes during the freezing and thawing experiment. One spike occurred at initial freezing when the soil temperature began to drop below 0°C, and the other spike occurred when the increasing soil temperature began to approach 0°C. At temperatures below −2°C thermal conductivity of the silt loam (between Days 2 and 7 in Fig. 7a ) was larger than the thermal conductivity of unfrozen silt loam (between Days 0 and 1 and 9 and 10). At the 6.3-cm depth, silt loam thermal conductivities before and after freezing were approximately 0.90 and 1.28 W m −1 °C −1 . The sand thermal conductivity values also showed two spikes (Fig. 7b) . Interestingly, compared to unfrozen sand, the sand thermal conductivity value decreased on freezing. Decreases in thermal conductivity were observed at all depths at temperatures below −2°C. Sand thermal conductivity at the 6.3-cm depth was approximately 1.28 W m −1 °C −1 before freezing, and it decreased to a minimum value of 1.10 W m −1 °C −1 after freezing. Decreases in thermal conductivity due to freezing in relatively dry and coarse soils have been observed in other studies (Penner et al., 1975; Inaba, 1983) . Penner et al. (1975) stated that liquid water bridges between soil particles may be removed by freezing, i.e., particle contacts may lessen in partially frozen soil. Overestimations with HPP determined l were observed at all depths when soil temperature was between −2 and 0°C. The overestimated l values at soil temperatures between −2 and 0°C were not used for SHB calculations. For SHB calculations, the overestimated l values were replaced by linearly interpolated values between l measured Fig. 5 . Soil temperatures at depths of 0, 1. 8, 4.2, 6.6, 9.0, 12.6, and 17.4 cm for the (a) silt loam and (b) sand. below −2°C and above 0°C (red lines in Fig. 7 ). Overestimation of C was observed in sand and in silt loam at temperatures between −5 and 0°C. [7] calculated with SHB theory (Eq. [5-7]) for the 1.2-to 2.4-cm soil layer. The large peaks at Days 1 and 8 clearly showed when soil temperature dynamically changed between 0 and −5°C (initial freezing and final thawing). Negative values of the latent heat indicated formation of ice, and positive values indicated ice melting. Once soil temperature decreased below −5°C, the latent heat value was close to 0 W m −2 because there was only minor freezing and thawing during the time period when soil temperature was below −5°C. The latent heat peaks tended to be smaller and broader in deeper layers than those for the shallow layers, which probably was related to the soil water freezing speed. For example, the freezing peak value at the 2.4-to 3.6-cm depth of silt loam was −43 W m −2 which is approximately one-half of the freezing peak value in the 1.2-to 2.4-cm layer, −100 W m −2 . Peaks were larger in the silt loam than in the sand, because a larger amount of water froze in the silt loam than in the sand. Thus, the SHB method determined the occurrence of the large latent heat source-sink peaks corresponding to freezing and thawing in both silt loam and sand.
Latent Heat Flux and Ice Content Determined with the Sensible Heat Balance Method
Ice contents estimated with the SHB method over the full course of the experiment were sometimes unreasonably large (larger than soil porosity or sometimes larger than 1 m 3 m −3 ) or negative, which was similar to the results of Kojima et al. (2014) . For example, SHB based q I at 1.2 cm of silt loam kept increasing and reached 0.82 m 3 m −3 before the melting event. However, the SHB method showed a clear increase in ice content during the Day 1 rapid freezing period when temperatures were between −5 and 0°C, and the SHB method showed a clear decrease in ice content during the Day 8 rapid thawing period when temperatures were between −5 and 0°C. The reason for the unreasonable q I values was that the small magnitude of latent heat flux at temperatures below −5°C was less than the sensitivity of the HPP used for making SHB calculations. The accumulation of small latent heat errors led to unrealistic q I estimates during the extended freezing period at temperatures below −5°C. Because changes in q I were significant during initial freezing and final thawing, we focused on using the SHB method at soil temperatures between −5°C and 0°C. Figures 8c and 8d show values of latent heat calculated with the SHB method for soil temperatures between −5 and 0°C in the 1.2-to 2.4-cm soil layer. Latent heat flux was small at temperatures Fig. 6 . Total water content determined by oven drying, and liquid water content estimated with the measured water retention curves and with the Clausius-Claypeyron equation for (a) silt loam and (b) sand. Fig. 7 . Thermal conductivities of (a) silt loam and (b) sand at a depth of 6.3 cm in the soil columns. Thermal conductivities were determined by heat pulse probe (HPP) (blue lines) at temperatures above 0°C and at temperatures below −2°C, and linear interpolations were used to estimate thermal conductivity values at temperatures between −2°C and 0°C (red lines). less than −5°C, and the SHB method did not detect the latent heat flux accurately for those values. Thus, the SHB latent heat values at temperatures below −5°C were set at zero, and only the initial freezing peak and final thawing peak remained. At this time, latent heat values during supercooling were also assumed to be 0. The latent heat estimates during thawing were slightly smaller than those of freezing. Figure 9 shows the SHB estimated soil ice contents at temperatures between −5 and 0°C. Soil ice contents were set to zero when soil temperatures rose above 0°C. In the 1.2-to 2.4-cm soil layer, the q I determined with the SHB method reached similar values as those shown in Fig. 6 , that is, 0.21 m 3 m −3 for the silt loam and 0.12 m 3 m −3 for sand at the equivalent depth. The differences between SHB estimated q I and q I determined by column sampling (i.e., at temperatures below −5°C) were 0.02 m 3 m −3 in the silt loam (SHB based q I = 0.23 m 3 m −3 and Sampled q I = 0.21 m 3 m −3 ) and 0.05 m 3 m −3 in the sand (SHB based q I = 0.07 m 3 m −3 and Sampled based q I = 0.12 m 3 m −3 ). Although the difference was larger in sand than in silt loam, errors were within 0.05 m 3 m −3 . Similar trends in estimating q I were observed in soil layers above 8.4 cm for both sand and silt loam with different amounts of error included in estimated q I . The SHB method performed best at the shallowest depth, and errors tended to increase with depth. For example, the SHB estimated q I for the 2.4-to 3.6-cm layer after the freezing event were 0.10 and 0.03 m 3 m −3 for silt loam and sand. The differences between SHB based q I and sampled q I for the 2.4-to 3.6-cm layer were slightly larger than those for the 1.2-to 2.4-cm layer. At depths below 8.4 cm, the soil temperature stayed between −2 and 0°C for relatively long periods, so the HPP thermal conductivity values were not accurate, which caused poor estimates of H in Eq. [7] . The SHB method provided reasonable transient soil ice contents at soil temperatures between −5 and 0°C for periods of rapid freezing or rapid thawing. The SHB method performed well for shallow soil layers experiencing rapid dynamic freezing and thawing with temperatures dropping quickly, and for soils having relatively large latent heat values due to freezing and thawing, that is, soils containing relatively large amounts of water. Learning that SHB provided good estimates of soil ice contents at temperatures between −5 and 0°C was an important new discovery because previous studies using HPPs met with difficulty in determining soil ice contents at temperatures between −5 and 0°C (Zhang et al., 2011; Tian et al., 2015) .
Combination of Sensible Heat Balance and Change in C Methods
At temperatures below −5°C, soil ice contents were estimated from the change in C determined with HPPs. Figure 10 shows q L estimated with the Clausius-Clapeyron equation (Eq. [4] ) and soil water retention curve, q I estimated with changes in C, and total water content, that is, the sum of the q L and q I . Ice content peaks were observed at the initial freezing and at the final thawing periods. Ice content was stable between the peaks. The peaks were associated with overestimations of C due to significant ice melting. Because there was not much water redistribution, total water content determined from the sum of liquid water content and ice content in the 0-to 10-cm layer should be similar to the initial water contents of 0.28 and 0.13 m 3 m −3 for silt loam and sand (Fig.  6 ). Most of the estimated total water contents were close to 0.28 m 3 m −3 (silt loam) and 0.13 m 3 m −3 (sand) when soil temperatures were below −5°C. The SHB method was able to determine dynamic soil ice content changes well at temperatures between −5 and 0°C. Equation [3] and HPP measured C enabled determination of q I at temperatures below −5°C. Thus, the combination of the SHB method and the change in C method enabled soil ice content determinations for the complete frozen soil temperature range, including the initial freezing period and the final thawing period (−5°C < T < 0°C), and the extended stable freezing period (< −5°C). Figure 11 presents an example of combining the SHB ice contents and the change in C ice contents. The 1.2-to 2.4-cm soil layer transient soil ice contents estimated with a combination of these methods were found to be reasonable in comparison with the q I values determined as differences between sampled q T and q L with Eq. [4]. When soil temperature was slightly lower than −5°C in sand, the change in C method overestimated ice content (Fig. 11 ). According to Tian et al. (2015) , these overestimations of q I could be eliminated by using relatively small heat applications for HPP measurements. In this study, 13 W m −1 heating intensity Fig. 11 . Ice contents determined with a combination of the sensible heat balance (SHB) method used for soil temperatures between −5°C and 0°C and changes in volumetric heat capacity C used for soil temperatures below −5°C for the 1.2-2.4 cm layers in the (a) silt loam column and (b) sand column. was used to obtain a clear temperature peak when temperature was close to 0°C. However, a smaller heating intensity could be used by sacrificing the measurement of thermal conductivity at temperatures near 0°C. Thermal conductivity in this temperature range is not used in the SHB method because it is affected by dynamic ice melting. Both the SHB method and the change in C method depended on HPP measurements. Thus, the HPP was a useful sensor for monitoring soil ice contents under freezing and thawing conditions.
Conclusions
To evaluate the applicability of the SHB method for measuring changes in soil ice contents, an experiment was performed with soil columns and heat exchangers. The SHB method was able to determine dynamic changes in soil ice content during initial freezing and final thawing for soil temperatures between −5 and 0°C when latent heat values were relatively large. This was an important discovery because previous studies using HPP did not successfully determine soil ice contents for this temperature range. During extended freezing periods between initial freezing and final thawing, when temperatures were below −5°C, the latent heat produced or consumed by freezing and thawing was below the sensitivity of the SHB method. However, the ice contents at soil temperatures below −5°C could be estimated from a change in C determined with HPP. Therefore, combining the SHB method when soil temperature was between −5 and 0°C for initial freezing and final thawing, with the change in C method when soil temperature was below −5°C, allowed determination of dynamic soil ice contents for the entire range of freezing and thawing conditions.
